Enterovirus (EV) plus-strand RNA genome translation and replication are controlled by cis-acting sequence elements mapping to the open reading frame and both 5Ј and 3Ј untranslated regions (UTRs) as well as nonstructural viral gene products. Their ϳ7,400-nucleotide (nt) genomes feature complex structured 5Ј and 3ЈUTRs of ϳ750-and ϳ80-to 110-nt length, respectively, flanking the open reading frame for a single polyprotein (24) . The EV 5ЈUTR consists of a ϳ90-nt "cloverleaf" structure serving as a cis-acting replication signal (4) preceding a ϳ450-nt internal ribosomal entry site (IRES) involved in cap-independent translation initiation (23, 39) . The 3ЈUTRs of EVs are structurally highly conserved, except coxsackie B viruses (CBVs), whose 3ЈUTRs contain a stem-loop domain (SLD) added to the conventional EV arrangement (42) (see Fig. 1A ).
The 5Ј cloverleaf and 3ЈUTR are recognized by the same viral proteins with RNA-binding properties and have been implicated in genome replication functions. Viral proteins 3AB (the precursor of 3A, a small membrane-anchoring and RNAbinding protein and 3B, the genome-linked protein VPg) and 3CD (the precursor of the 3C proteinase and the 3D RNAdependent RNA polymerase) interact with these terminal RNA structures (3, 15, 21, 37) . Both the cloverleaf and the 3ЈUTR are required for efficient minus-strand synthesis (3, 5, 27, 28, 43, 50) , although viable EVs with 3ЈUTR deletions have been derived (52) .
In addition to these cis-acting genetic elements and viral RNA-binding proteins, host factors may play a role in the control of EV genome replication and translation. In addition to 3CD and 3AB, the cloverleaf attracts the poly(rC)-binding protein 2 (PCBP2) (15, 35) . PCBP2 has been proposed to be involved in a switch from translation to replication at plusstrand RNA templates (16) . Also, an interaction of PCBP2 with the poly(A)-binding protein has been speculated to mediate template circularization by linking the cloverleaf and poly(A) (22) . The complexity of EV translation and RNA synthesis has obstructed unraveling the mechanistic details of their regulation. Several multifunctional viral proteins interact with cisacting signals on both ends on a potentially circular template. Often, the functions of precursor polypeptides are disparate from those of processed viral proteins. For example, although they differ only by the removal of the carboxy-terminal 22 amino acids of 3B, 3AB is believed to costimulate RNA replication by supporting the function of 3CD and 3D, while 3A does not (32, 36) . cis-acting signals recognized by viral RNAbinding proteins simultaneously contribute to template stability, translation, and/or RNA replication. Moreover, the viral UTRs are recognized by host RNA-binding proteins that may either support or interfere with proper ribonucleoprotein (RNP) formation. The distribution or functional state of such host proteins may differ in a tissue type-specific manner, leading to various effects on viral functions according to host cell origin (30, 31) . Both UTRs may assume complex configurations that are difficult to predict empirically, or they may engage in long-range interactions. RNA conformation, longrange interactions (e.g., circularization [22] ), and the functional roles of UTR signals are likely to be influenced by interaction with viral or host RNA-binding factors and may fluctuate during the virus life cycle.
The roles of viral UTRs in genome translation and replication most commonly are assessed through genetic manipulation. Frequently, these studies are limited by unintended effects on higher-order structure and, consequently, on virus viability. We investigated the role of viral cis-acting genetic elements and their interaction with host or viral trans-acting gene products in viral propagation by constructing recombinant EVs with heterologous UTRs.
Insertion of a heterologous human rhinovirus type 2 (HRV2) IRES into the poliovirus (PV) genome causes a cell typespecific propagation deficit in neuron-like cell lines, e.g., Sk-N-Mc neuroblastoma (19, 20) or HEK-293 neuroblasts (8) and attenuates neurovirulence in mice transgenic for the human PV receptor (19) and nonhuman primates (20) . Furthermore, the HRV2 IRES exhibits neuron-specific deficits that reduce neurovirulence when inserted to drive expression of a critical neurovirulence gene of herpes simplex virus type 1 (7) . We reported that the heterologous HRV2 IRES mediates incorporation of viral RNA into a nonperforming RNP that is excluded from polysomes in neurons, but not in permissive cancer cell lines (31) . Polysomal exclusion correlates with interaction of a neuron-specific heterodimer composed of the double-stranded RNA-binding protein 76 (DRBP76) and nuclear factor 45 (NF45) with the HRV2 IRES (30, 31) .
We observed that cell type-specific performance of the HRV2 IRES within the context of EV genomes codepends on the conformation of the CBV3 3ЈUTR (see Fig. 1A ) (10) . More specifically, the unique SLD Z of CBVs is able to partially compensate for functional deficits of the HRV2 IRES in Sk-N-Mc neuroblastoma cells, suggesting that IRES function and its cell type-specific restrictions are influenced by cis-acting sequences in the 3ЈUTR (10). Here we report experiments designed to unravel the roles of 5Ј and 3ЈUTRs in cell typespecific viral propagation in cells of neuronal lineage. We constructed a series of variant 3ЈUTRs to delineate the genetic basis of Z SLD-mediated stimulation of viral growth. Serial passaging of CBV3s replicating under control of the HRV2 IRES and 3ЈUTRs with deficient Z SLDs in neuroblastoma cells yielded adaptation mutations in the nonstructural viral proteins 3A/3AB either isolated or in conjunction with mutations in 3C/3CD. We observed mixed populations composed of viruses with a range of mutations in confined regions of 3A and/or 3C rather than homogeneous adaptation variants with mutations at defined sites.
MATERIALS AND METHODS
Construction of recombinant viruses. Generation of a CBV3 chimera containing the HRV2 IRES (CBV-RICO) and CBV-RICO variants containing the 3ЈUTR of poliovirus (RICO-PV) or the 3ЈUTR of CBV3 carrying a deletion of stem-loop Z (RICO-⌬Z) have been described before (10) . CBV-RICO mutants 1 to 8 contain modified 3ЈUTRs that were inserted into a cassette containing an XbaI restriction site spanning the termination codon of the CBV3 polyprotein via silent mutagenesis. Mutant 3ЈUTRs were PCR generated with reverse primer (primer 0) and one of the forward primers (primers 1 to 8; primer numbers correspond to mutant numbers) (primer sequences are listed in Table 1 ). The PCR products were digested with XbaI and ClaI and ligated with the CBV-RICO cassette vector.
Adaptive mutations acquired through serial passage of mutants 4, 5, RICO-PV, and RICO-⌬Z (see Fig. 2B ) were cloned into CBV-RICO, RICO-⌬Z, CBV-⌬Z, or CBV3 cDNA using PCR fragments corresponding to the regions coding for 3A to 3C of the viral genome. First, two overlapping PCR products were generated with one of the flanking primers (primer 9 or 10) and corresponding internal primers containing the desired sequence alteration. Second, corresponding fragments were combined through PCR performed with both flanking primers using the overlapping PCR products as the template. The internal primers and the mutations (see Fig. 2B 19 and 20, [D51G] . Double mutation [R35M:D51G] was generated by fusion of three PCR fragments produced in the first round with primer pairs (primers 9 and 18, primers 17 and 20, and primers 10 and 19). The resulting PCR products were digested with BsmBI and ligated into CBV-RICO, RICO-⌬Z, CBV-⌬Z, or CBV3 full-length cDNA digested with BsmBI.
Derivation of viruses from infectious cDNA. All recombinant plasmids were linearized with restriction endonuclease ClaI for in vitro transcription with T7 RNA polymerase as described previously (19) . Approximately 5 g of in vitrotranscribed RNA was transfected into 2.5 ϫ 10 6 HeLa cells with DMRIE-C transfection reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. The transfected cells were incubated for 48 h at 37°C and subjected to two consecutive freeze-thaw cycles, and the resulting lysate was analyzed by plaque assay. Viruses derived from in vitro-transcribed RNA were propagated in HeLa cells to generate large-scale virus stocks. To this end, 500 l of the transfected cell lysate was added to 8 ϫ 10 6 HeLa cells in a 10-cm culture dish, which was gently rocked for 30 min at room temperature. Afterwards, 5 ml of culture medium was added, and the cells were incubated at 37°C overnight. After two freeze-thaw cycles, the infection procedure was repeated to infect 10 8 HeLa cells to generate a large-scale virus preparation. To determine the full-length genome sequences of mutants 4 and 5, RICO-⌬Z, RICO-PV, and CBV-RICO, aliquots from virus stocks were used to infect HeLa cells in a 3.5-cm dish using the procedure described above. Upon the onset of cytopathic effects 8 hours postinfection (p.i.), the cells were subjected to two freeze-thaw cycles and total RNA was extracted from the resulting lysate as described below. One-step growth curves and serial passaging of viruses. One-step growth curves were established as follows. HeLa R19, Sk-N-Mc, or HEK-293 cell monolayers in 60-mm dishes were overlaid with 500 l of virus suspension at a multiplicity of infection of 10 and gently agitated for 30 min at room temperature. After three rinses with 2 ml of serum-free Dulbecco's minimal essential medium (DMEM; Invitrogen, Carlsbad, CA), cells were overlaid with 1.5 ml of DMEM containing 2% fetal bovine serum (Invitrogen, Carlsbad, CA) and incubated at 37°C for the indicated intervals. At chosen time points, the cultures were subjected to two freeze-thaw cycles, and the resulting lysates were used to determine the viral titer by plaque assay on HeLa cells as described elsewhere (14) . Mutants 4, 5, RICO-⌬Z, RICO-PV, CBV-RICO, and CBV-⌬Z were serially passaged in Sk-N-Mc cells for eight consecutive rounds. Infection of Sk-N-Mc cells for passaging was essentially performed as described above, except the rinsing step was omitted and infected cultures were incubated at 37°C for 12 h. Subsequently, the cells were lysed by two freeze-thaw cycles, and the lysate was used to infect a new culture.
Population sequencing of viral genomes. Viral sequences were determined from total RNA isolated from HeLa cells infected with prepassage virus stocks or from infected Sk-N-Mc cells after the indicated passage using TRIzol reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. Amplification of viral genomes by reverse transcription-PCR (RT-PCR) was performed as described before (8) . RT was performed using primer 23 (for all viruses containing CBV3 3ЈUTR variants) or 24 (for RICO-PV), complementary to the 3Ј terminus of viral RNA. Sections of the resulting cDNAs were amplified with different sets of primers to generate overlapping PCR fragments covering the entire viral genome and sequenced.
Clonal analysis. To determine the sequences of mixed populations resulting from adaptation of viruses to neuroblastoma cells, we performed the following assays. Total RNA extracted from Sk-N-Mc cells infected with mutant 4 and 5 viruses after eight passages was subjected to RT-PCR with primers 25 and 26 to amplify the region coding for nonstructural viral proteins 3A to 3C. This region had been identified previously through whole-genome sequencing of passaged viruses to contain adaptive mutations (see Fig. 2B ). The resulting PCR fragments were phosphorylated using T4 polynucleotide kinase (NEB, Beverly, MA) and cloned into the EcoRV site of pBluescript II KSϩ (Stratagene, La Jolla, CA). Individual clones were isolated, and 39 clones (16 for mutant 4 and 23 for mutant 5) were sequenced in both directions with primers 25 and 26.
Northern blots. Northern blot riboprobes were produced from a plasmid generated by engineering a BglII site into the multiple cloning site of pBluescript II KSϩ. CBV-RICO cDNA was digested with EcoRI and BglII and a 721-basepair portion of the P1 coding region was cloned into the EcoRI-BglII site of the modified pBS vector. In vitro transcription with T3 polymerase generated sense probe to detect plus-strand viral RNA. In vitro transcription reactions were conducted in the presence of [␣-32 P]UTP to radioactively label the probes and treated with RQ1 DNase (Promega, Madison, WI) for 45 min at 37°C. RNA probes were purified over G-50 Sephadex columns (GE Healthcare, Little Chalfont, United Kingdom). Northern blotting was performed according to previously established procedures (57) . Total RNA from infected Sk-N-Mc cells was extracted with TRIzol-LS (Invitrogen, Carlsbad, CA), and quantified via UV spectroscopy. Ten micrograms of total cellular RNA was used for Northern blot analysis of each sample (57) .
RESULTS
The lower portion of SLD Z is critical for chimeric CBV3 propagation in a cell type-specific manner. We previously observed cooperative effects on cell type-specific propagation of CBV3 mediated by heterologous UTRs (10) . In neuroblastoma cells, virus containing an HRV2 IRES and cognate 3ЈUTR (CBV-RICO) grows to titers ϳ10-to 50-fold higher than the titers of variants lacking SLD Z (RICO-⌬Z; Fig. 1 ) (10) . SLD Z alleviates a neuron-specific deficit associated with the foreign IRES; it is irrelevant for proper virus propagation in HeLa cells (10) .
To unravel the influence of 3ЈUTR structure on cell typespecific viral propagation, we constructed a series of CBV-RICO mutants with altered Z SLDs (Fig. 1B and D) . These were designed to disrupt primary sequence motifs and/or predicted stable secondary structure. Mutants 1 and 2 disrupt AU-rich elements without altering base pairing in the distal stem, mutant 3 contains a terminal loop with altered primary sequence, mutant 4 contains an enlarged terminal loop combined with disrupted stability of the lower stem, and mutants 5 and 6 feature deletions of the proximal stem and distal stem/ terminal loop, respectively (Fig. 1B) .
The viruses were derived via transfection of in vitro-transcribed viral RNA into HeLa cells as described in Materials and Methods. All variants readily emerged in transfected cells. Plaque assay of lysates obtained 48 h after transfection revealed virus yields comparable to that of wild-type (wt) CBV3 derived in parallel. This suggests that none of the constructs had overt growth defects in HeLa cells. The viruses were subjected to at least six passages in HeLa cells to generate largescale virus preparations used in growth assays (see Materials and Methods). To exclude selection of adaptation mutants in this process, we sequenced the entire genomes of mutants 4, 5, RICO-⌬Z, RICO-PV (CBV-RICO containing a poliovirus 3ЈUTR), and CBV-RICO from total RNA isolated from infected HeLa cells (CBV-⌬Z and CBV3 were not sequenced) (see Materials and Methods). None of the viruses analyzed displayed sequence variation from the cloned cDNA constructs.
Analysis of propagation kinetics of mutants 1 to 6 in HeLa and Sk-N-Mc neuroblastoma cells revealed two distinct growth phenotypes (Fig. 1C) . All mutants exhibited comparable growth in HeLa cells, but mutants 4 and 5 displayed significant growth inhibition in the neuroblastoma cell line (Fig. 1C) . Growth of mutants 4 and 5 was more efficient than with outright SLD Z deletion (RICO-⌬Z) but was clearly impaired compared to all other mutants, which propagated to levels equal to that of CBV-RICO. Since mutants 4 and 5 contain an altered proximal portion of SLD Z, these findings implicate this substructure in the observed phenotype.
To further analyze the role of SLD Z structure in viral growth, we generated two variants of mutant 4 (mutants 7 and 8 [ Fig. 1D]) . We converted the substitution in the distal stem to wt (mutant 7) and restored the proximal stem in mutant 7 by substituting the pairing nucleotides (mutant 8). Mutants 7 and 8 were tested for propagation in HeLa and Sk-N-Mc cells in parallel with mutant 4, CBV-RICO, and RICO-⌬Z (Fig. 1E) . While all viruses propagated to the same levels in HeLa cells, mutants 4 and 7 exhibited significant growth deficits in Sk-N-Mc cells (Fig. 1E) . Restoration of the proximal stem in SLD Z rescued mutant 8, which propagated as well as CBV-RICO did in Sk-N-Mc cells (Fig. 1E) .
Serial passaging of viruses with defective growth in neuroblastoma cells yields adaptation mutations in viral nonstructural gene products. What is the mechanism determining the effect of UTR structure on cell type-specific propagation of CBV-RICO? We addressed this issue by testing for the emergence of adaptation variants with improved growth in Sk-N-Mc cells (Fig. 2) . To this end, we subjected mutants 4, 5, RICO-⌬Z, and RICO-PV to eight serial passages in Sk-N-Mc cells. In addition, to probe for adaptation to the HRV2 IRES or ⌬Z alone, we passaged CBV-RICO and CBV-⌬Z (wt CBV3 with ⌬Z). Finally, to exclude cell type-specific adaptation of CBV3, we performed identical passaging procedures with the wt par-ent. We then performed one-step growth curves in Sk-N-Mc cells with prepassaged and passaged viruses in parallel ( Fig.  2A) . Mutants 4, 5, RICO-⌬Z, RICO-PV, and CBV-RICO adapted to significantly improved growth in SK-N-Mc cells compared to their unpassaged counterparts ( Fig. 2A) . Only the wt CBV3 growth rate did not differ after eight serial passages (data not shown). The effect of adaptation on growth 6 h p.i. was far more pronounced for variants with absent or defective Z SLDs than on CBV-RICO ( Fig. 2A) . Adapted SLD Z variants grew to ϳ10-fold-higher titers 6 h p.i. than unpassaged CBV-RICO (containing the wt CBV3 3ЈUTR) ( Fig. 2A) .
Next, we sequenced the entire genomes of mutants 4, 5, RICO-⌬Z, RICO-PV, and CBV-RICO by RT-PCR from viral RNA isolated from infected Sk-N-Mc cells after eight passages (see Materials and Methods; only the coding region for 3A-3C of the adapted CBV-⌬Z genome was sequenced). Notably, none of the viruses had acquired sequence changes mapping to the heterologous 5Ј and 3ЈUTR sequences. However, sequencing revealed variation in the coding regions for the viral nonstructural proteins 3A and/or 3C in all recombinants (Fig. 2B) . (Fig. 2B) . However, the average growth benefit from adaptation of SLD Z variants and CBV-RICO was ϳ280-fold and ϳ80-fold versus ϳ20-fold and ϳ5-fold at 6 and 8 hours pi, respectively ( Fig. 2A) . This shows that, although adaptation occurs with the intact CBV3 3ЈUTR, the combination of HRV2 IRES:⌬Z derives far higher growth benefits than the foreign IRES alone. 
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Adapted SLD Z variants consist of swarms of genetically heterogeneous viruses. Our sequencing approach (i.e., analysis of bulk PCR product) does not permit analysis of individual variants within a mixed population. However, the sequence chromatograms revealed double peaks at mutation sites (Fig. 2C) , indicating the presence of genetically diverse viruses in the population. Therefore, we performed clonal analysis by subcloning PCR product generated from adapted mutants 4 and 5 and sequencing the coding region spanning 3A-3C of individual clones (see Materials and Methods for details) ( Table 2 
and 3).
This method revealed the composition of mixed populations of adapted mutants 4 and 5 (Tables 2 and 3 ). Adapted mutant 4 populations were composed of parental virus and variants with mutations only in 3A ( Table 2 ). The ratio of parental virus 
The presence (ϩ) or absence (Ϫ) of the indicated mutation in the clones is shown. All adaptation mutations are in 3A (see Fig. 3 ).
b ͓R35M͔ is the predominant mutation in the coding region for 3A in the population of adapted mutant 5 viruses. 
The presence (ϩ) or absence (Ϫ) of the indicated viral construct in the clones is shown.
b Adaptation mutations in 3A (see Fig. 3 ). c Adaptation mutations in 3C. (Fig. 3) . The composition of adapted mutant 5 population was more complex and revealed mutations in 3A and 3C (Table 3) Mutations in 3A to 3C compensate UTR-mediated growth defects in neuroblastoma cells. To investigate the effects of the adaptation mutations on viruses with variable UTRs, we engineered a panel of recombinants (Fig. 4) . We tested the mutations by (i) probing their effects on the HRV2 IRES:⌬Z combination by placing them in RICO-⌬Z, (ii) evaluating their effects on growth deficits mediated by the HRV2 IRES alone in CBV-RICO, (iii) assessing the effect on ⌬Z alone in CBV-⌬Z, and (iv) excluding general effects on CBV3 growth in Sk-N-Mc cells in a wt background.
A series of RICO-⌬Z and CBV-RICO viruses were generated containing each major amino acid exchange individually or the [R35M:D51G] combination, with the exception of [V45A] (in 3A), which was tested only in its parent, CBV-RICO (Fig. 4) . We did not generate viruses containing mutations only present in minute proportions in mixed populations (Tables 2 and 3 , all mutations resulted in unchanged or slightly enlarged plaque phenotypes for both CBV-RICO and RICO-⌬Z (Fig. 4) .
We tested CBV-RICO and RICO-⌬Z containing five indi- Fig. 5A and B ). [R35M: D51G] is present in ϳ40% of the adapted mutant 5 population (Table 3 ). The variants exhibited growth in HeLa cells equivalent to their parents (Fig. 5A ), but propagation of both CBV-RICO and RICO-⌬Z was markedly increased in Sk-N-MC cells (Fig. 5B) . At 6 h p.i., [R35M:D51G] yielded ϳ10-and ϳ25-fold-higher titers of CBV-RICO and RICO-⌬Z, respectively (Fig. 5B) . The levels of this increase are representative for all other mutants. Although [R35M:D51G] occurred with mutant 5 (containing a truncated SLD Z lacking the proximal stem; Fig. 1A) , it partially compensates the growth deficit of RICO-⌬Z, which lacks SLD Z altogether. Next, we assessed translation and RNA replication of CBV-RICO, RICO-⌬Z, and CBV3 with [R35M:D51G] in infected Sk-N-Mc cells (Fig. 5C and D) . At 8 h p.i., viral translation was abundant with wt CBV3, barely detectable with CBV-RICO, and not apparent with RICO-⌬Z (Fig. 5C) . Translation was enhanced with CBV-RICO and RICO-⌬Z containing [R35M: D51G], but not their wt CBV3 counterpart. We also conducted strand-specific Northern blots of total cellular RNA from Sk-N-Mc cells infected with the constructs listed above at 8 h p.i. (Fig. 5D ). We were unable to detect minus-strand RNA for any of the constructs (data not shown). Analyses of plus-strand RNA replication are consistent with the effects observed on (Fig. 5C ) or progeny yield (Fig. 5B) .
Thus, adaptation by [R35M:D51G] occurred with RICO-⌬Z as well as with CBV-RICO (Fig. 5B) . However, proportionally, the adaptation mutations benefited the HRV2 IRES:⌬Z combination to a greater extent than the HRV2 IRES alone (Fig.  5B) . To test whether [R35M:D51G] compensates for ⌬Z alone, we examined CBV-⌬Z containing [R35M:D51G]. As with CBV-RICO or RICO-⌬Z, this produced a slightly enlarged plaque phenotype in HeLa cells (Fig. 4) , although growth kinetics in HeLa cells were unaffected (data not shown). Growth analysis of wt CBV3, CBV-⌬Z, and their [R35M:D51G] counterparts in Sk-N-Mc cells showed that ⌬Z on its own diminishes CBV3 propagation and that this defect is fully compensated by [R35M:D51G] (Fig. 5E) . Indeed, CBV-⌬Z containing [R35M:D51G] grows in Sk-N-Mc cells as efficiently as wt CBV3 does (Fig. 5E ). Our findings suggest that adaptive mutations in 3A to 3C separately complement growth defects due to the HRV2 IRES and ⌬Z and synergistically promote propagation of viruses containing the HRV2 IRES:⌬Z combination.
Adaptation mutations in 3A to 3C do not affect propagation potential of wt CBV3. Does adaptation compensate for 5Ј and (Fig. 5) . None of the mutations tested affected CBV3 growth in HeLa or Sk-N-Mc cells (Fig.  5A, B , and E). We observed a slightly reduced plaque phenotype with the mutants compared to that of wt CBV3 (Fig. 4) . , while adapted mutant 4 viruses exclusively contained mutations in 3A. Moreover, the particular mutations in 3A of both adapted viruses were nonoverlapping. This is surprising, considering the minor differences of mutants 4 and 5 in the proximal stem of SLD Z (Fig. 1B) . Our data suggest an intricate relationship of viral nonstructural proteins with both viral UTRs, which is adjusted by adaptation mutations in these proteins in nonpermissive cells.
3A or its precursor, 3AB, has been implicated in diverse functions. A conserved hydrophobic domain mediates homodimerization (25) and membrane insertion (53) and tethers replication complexes to the characteristic saccular membrane network forming in EV-infected cells (reviewed in reference 13). Accordingly, mutations in the hydrophobic domain have been associated with RNA replication deficits (17, 18, 51) . In addition, 3AB and 3CD have been demonstrated to bind to both the 3ЈUTR and cloverleaf of the PV genome (3, 21) . As a further sign of involvement in RNA replication, 3AB directly interacts with 3D and stimulates its function (25, 36, 44) . 3AB probably is the precursor for VPg, the primer for minus-strand synthesis (38) , and its interaction with 3D could position VPg for efficient priming. Relating to its penchant for membrane insertion, 3A mediates vesicular transport and protein secretion defects (11, 12) . All 3A adaptation mutations described here occur in an amino-terminal portion that is highly conserved among rhinoviruses and EVs (Fig. 3) (49, 55) . Thus, all adaptation mutations occurred in parts of the protein not implicated in membrane tethering, protein-protein interacting, or vesicular transport rearranging functions (56) . Mutations in 3A/3AB affecting these basic roles likely would generally alter viral growth, rather than produce cell type-specific effects in Sk-N-Mc cells. We therefore assume that genetic adaptation involves a separate function of 3A/3AB that is likely based on RNA-protein interactions. Since we did observe dual adaptation mutations in 3A to 3C, this function may involve cooperative effects of 3AB and/or 3CD (interaction of these proteins has been reported previously [32] ). Adaptive mutations in 3C occurred in regions distant from the proteolytic active site. Amino acids 49 and 51 in PV 3C are situated in the reverse turn connecting two neighboring ␤-strands (33) and do not contribute significantly to the secondary structure. The minor [F4S] mutation (Table 3 ) disrupts predicted intermolecular interactions within the 3C asymmetric dimer. Interestingly, the minor mutation [V54A] was shown previously to affect processing of the PV 3C:3D cleavage (9) .
Our sequencing data show that viruses emerging after eight passages in Sk-N-Mc cells are heterogeneous populations, sometimes including wt and adapted variants. Mixed populations of mutant 5 grew more efficiently in Sk-N-Mc cells than homogeneous virus with the dominant adaptation mutations [R35M:D51G], suggesting that heterogeneous virus swarms are more adept at adjusting to the growth conditions within a particular cell type. The importance of genetic adaptability in EV pathogenesis has recently come under scrutiny (40, 41, 54) , and our findings may demonstrate possible mechanisms of tissue type-specific adaptation of genetically diverse (quasispecies) viruses.
Genetic adaptation in our study is a cell type-specific phenomenon, evident in cells of neuronal origin. A recurrent problem in studies of neuronal EV growth phenotypes is the choice of cell lines. While there is no optimal solution, a number of tissue culture systems have been devised. These include neuroblastoma cell lines that recapitulate neuron-deficient growth of the live attenuated PV vaccines (1, 26) and laboratorygenerated attenuated recombinants (2, 19, 20) . However, they are cancerous cells spontaneously interconverting between fibroblast-and neuron-like phenotypes upon prolonged passage (45, 47) . We previously investigated HEK-293 cells, shown to be of neuroblastic origin by their originator (48) , as an alternative (8) . We decided against the use of HEK-293 cells in this study, because of the unfavorable growth properties of CBV3 in these cells (data not shown). CBV-RICO, due to repression of the HRV2 IRES (30, 31) , barely propagates in these cells and even after Ͼ30 h p.i. produces no cytopathic effect at all. However, even the growth kinetics and cytopathic effect of CBV3 are severely depressed compared to those of Sk-N-Mc cells. The reasons for this are unknown; HEK-293 cells express the CBV/adenovirus receptor CAR (34) , excluding attachment and entry defects. Analyses in HEK-293 cells would require drawn-out procedures in a tissue culture system that is not representative for EV growth in a susceptible host. Moreover, we originally described the cooperative effect of the HRV2 IRES:⌬Z on CBV3 growth in Sk-N-Mc neuroblastoma cells VOL. 81, 2007 GENETIC ADAPTATION OF CBV3 WITH UTR-MEDIATED DEFICITS 8403 (10) . To minimize the type-specific interconversion problem of Sk-N-Mc cells, we used cultures at passage numbers below 5 for all growth curve and passaging experiments. The role of the 3ЈUTR in viral replication and pathogenesis has been studied before. EVs are surprisingly adept at accepting foreign 3ЈUTRs (10, 46) . However, disruption of the authentic EV/HRV 3ЈUTR structure yielded viruses with substantial propagation deficits, indicating that the structural arrangement of these elements is important for proper growth (46) . Our research demonstrates that the absence of growth deficits in HeLa cells (used in similar investigations [46] ) does not necessarily exclude a role for 3ЈUTR structure in viral propagation. Similarly, a mutant PV lacking the entire 3ЈUTR exhibited a minor replication defect in HeLa cells but major growth reduction in Sk-H-Sh neuroblastoma cells (6) . This is also evident from earlier studies with CBV-⌬Z (29) . CBV-⌬Z grew with wt kinetics in African green monkey kidney cells but was significantly less virulent in infected mice, evident by decreased pancreatic and cardiac replication/histological lesions (29) . The authors of that study did not attempt to adapt their ⌬Z deletion variant.
The cell type-specific performance of viral UTRs and their interaction with viral replication factors are obvious parameters dictating EV virulence and, ultimately, pathogenesis. What then are the mechanisms controlling viral translation and genome replication? Our findings suggest a scenario of puzzling intricacy: cell type-specific UTR competence suggests the involvement of host factors, e.g., in a neuron-specific RNP producing polysome exclusion of viral templates by the DRBP76-NF45 heterodimer (30, 31) . Host protein interactions with viral RNA may compete with viral RNA-binding proteins (e.g., 3AB/3CD), may interfere with proper template configuration, or may specifically repress translation initiation (31) or genome replication. Both genome replication and translation may involve long-range interactions of distant UTR elements, possibly resulting in template circularization. Thus, RNA-protein (host or viral) interactions at either terminus may disturb proper function of both UTRs by interfering with long-range contacts. The main viral proteins implicated in interactions with the viral genome, 3AB and 3CD, also interact with each other and mediate association with cellular substructures. They are multifunctional factors giving rise to proteolytic products with redundant or nonoverlapping functions. The functions of all components involved in the viral life cycle are dynamic, since the conditions for translation and genome replication evolve with the progress of viral changes of the intracellular milieu. Considering this thicket of interrelating factors, it is inconceivable that manipulation of any part of this system (e.g., ⌬Z in our study) causes solitary defects of distinct viral functions that can be empirically dissected. In other words, translation of a self-replicating template may be controlled by the very fact that it is replicating and vice versa.
